A longstanding question in neuroscience is how the activity of ion channels shapes neuronal 15 activity and, as a result, computation in circuits and networks. Optogenetic reagents are tools to 16 answer this question by enabling precise and dynamic perturbation of cellular states. However, 17 development of these reagents can be hampered by low-throughput assays in non-physiological 18 contexts. Here, we develop an all optical phenotypic screen in cultured primary hippocampal 19 neurons that enables the functional assessment of large libraries of genetically encoded 20 optogenetic actuators. Combining real-time analysis and data reduction methods allows for 21 continuous observation of several thousand neurons for several days without onerous data 22 storage overhead. This screening system may be useful in a diversity of research questions that 23 can be coupled to optical perturbation and sensing. 24 of constellation pharmacology is that differences in cell-specific channel and receptor expression 59 -collectively called a constellation-create distinct functional phenotypes [21][22][23][24] . It is therefore ion 60 channel diversity itself within populations of cells that provides screen-able content, i.e. 61 distinguishable and characteristic responses after the addition of a pharmacological agent that 62 perturb their function. Functional calcium imaging provides the means to collect this content in a 63 high-throughput manner. However, several technical limitations stand in the way, including the 64 need for manual manipulation (e.g., addition of the pharmacological agent). 65 66 Here, we develop an all optical phenotypic screen in cultured primary hippocampal neurons. We 67 introduce real-time analysis and data reduction methods, which allow for continuous observation 68 of several thousand neurons for several days without onerous data storage overhead. Our 69 analysis of calcium imaging data in neurons after the addition of free peptide toxins suggests that 70 toxin effects can be categorized according to 'fingerprints'. When we train a classification model 71 on these toxin fingerprints, we can detect those neurons -among many transfected with a library 72 of linker and toxin shuffled lumitoxins-that most closely resemble a desired phenotype. In this 73 way we identify a voltage-dependent Na + channel-specific lumitoxin that recapitulates the effects 74 of its free peptide toxin analog in a genetically encoded package. Our phenotypic toxin screening 75 assay sets the stage for linking genotype and phenotype in future studies with more complex 76 library designs. How this assay can be adapted to other research questions that can be coupled 77 to an optical readout is discussed. 78
Introduction 25 26
Neurons are excitable cells that form the basic units of biological computation. The molecular 27 basis for their excitability is different types of ion channels and receptors. Changes in activity 28 levels, for example caused by post-translational modification or changes in gene expression, 29 sculpt the function of neural circuits and -ultimately-behavior. In recent years, several opto-and 30 chemogenetic approaches have been developed to change the cellular states of specific types of 31 neurons. Some act through secondary messengers 1-4 , or by altering gene expression [5] [6] [7] [8] . Others 32 consist of exogenous pumps or channels that are expressed heterologously 9-12 . A third set of 33 approaches directly modulates the activity of endogenous channels [13] [14] [15] [16] [17] . We previously have 34 added a tool called lumitoxin to this toolbox 18 . Lumitoxins are genetically encoded, membrane 35 tethered peptide toxins that can be actuated with light via an Avena sativa(As) LOV2 36 photoreceptor domain. Illumination causes the C-terminal Jα helix of LOV2 to partially unfold, 37 increasing the flexibility of the tether that connects to the peptide toxin. The result is a decrease 38 in the local concentration of the peptide toxin near the plasma membrane, which ultimately causes 39 the targeted ion channel to become unblocked. We could show that lumitoxins are modular, in 40 the sense that ion channel specificity could be altered by swapping out the encoded peptide toxin. 41
Nevertheless, improvements are required to increase the utility of this tool. Foremost, targeting of 42 ion channel families other than voltage-dependent K + channels. Second, an optogenetic reagent 43 that blocks an ion channel after illumination -instead of unblocking them-would be a better fit to 44 commonly used perturbation paradigms in neuroscience. It would also address the concern that 45 lumitoxins, by binding to the targeted ion channel in the resting (dark) state, can affect cellular 46 homeostasis. 47
Given that the previous approach through which lumitoxins were engineered involved tedious 48 trial-and-error as well as heterologous expression of the targeted ion channels in cell lines, we 49 explored a high-throughput phenotypic screen in neuron culture to streamline this process. We 50 reasoned that cultured neurons are an appropriate system because they express most ion 51 channels and receptors, at physiological levels, that we might want to modulate with lumitoxins. 52
In addition, phenotypic screens that leverage physiological modes of action have had better yields 53 for finding reagents that are effective when compared to target-based approaches involving non-54 physiological assays 19 . 55 56 One type of phenotypic screening in culture neurons, constellation pharmacology, has been 57 shown to be a valuable approach for discovering new bioactive peptide toxins 20 . The central idea 58 control. We developed custom software based on Matlab and the popular μManager API -93 available at [link to Github archive forthcoming]-to integrate all microscope components and 94 automate data acquisition. Spike detection, if it were to be done posthoc on recorded movies, 95 would require extensive data storage. For example, storing 100 minutes of a 640 by 540 pixels 96 field of view at 10 frames per second requires 100 GB when encoded in the MPEG-1 standard. 97
This problem can be simplified once we realize that most of the recorded field of view does not 98 contain neurons. If we can segment captured data into regions of interest (i.e. individual neurons) 99 in real time, we are able to store only relevant information and discard unneeded pixel information. 100 101 We implemented the necessary segmentation of neurons using dynamic thresholding of 100 102 frames at a time taken from a live camera stream ( Fig. 1B, Supp. Fig. 2A ). We quickly realized 103 that standard thresholding methods were not able to segment areas that contained many neurons 104 into distinct single region of interest (ROI). Principle component methods also failed as they 105 required a high amount of computing time that prevented real-time analysis. We therefore 106 developed a simple dynamic thresholding algorithm that employs graduated thresholding and that 107 was able to segment dense neuron populations. The only manual input required is a user-set 108 calcium transient signal amplitude threshold to eliminate false positives. For any ROI that is 109 greater than a standard neuron size (150 pixels at 10x magnification), we dynamically increase 110 the signal threshold for these ROI and continues this loop until all ROI areas are within an 111 expected neuron size. This ensures that neuron-dense regions are properly segmented into 112 individual neurons. The result of this real-time segmentation is a set of ROI for a given data stream 113 excerpt. Only pixel information for these ROI are stored. This loop of segmenting data stream 114 excerpts is repeated as many times as desired by the user to establish a phenotype baseline. In 115 our case this was 30 times for a total of 5 minutes of baseline data. For each loop, neurons are 116 either rediscovered, new neurons are discovered, or neurons that were detected in previous 117 excerpts do not have activity. Pixel information for each of the three categories is recorded. 118
Including the latter category means that any ROI that had activity once, is recorded for the 119 remainder of the experiment, even if the neuron never fires again. Stitching all data excerpts 120 together results in a time series for each detected neuron. Fig. 1C shows a representative 121 example of neuron activity in a field of view for 10 minutes, reconstructed from packages of 10 122 seconds at a time. 123 124 After having recorded a field of view for 5 minutes, we introduced a perturbation. This took the 125 form of either manually adding a free peptide toxin to different concentrations (described in more 126 detail below) or illumination with blue light to drive a channelrhodopsin or to switch a genetically 127 encoded lumitoxin. We then recorded for another 5 minutes in the presence of the perturbation. 128
Calcium imaging time series before and after perturbation represent control and treatment 129 datasets, respectively. 130
131
We characterized performance characteristic of this data acquisition algorithm (Supp. Fig. 2B ) 132 and found that data storage scaled favorably, even for very long recordings. Detection for up to 133 500 objects required less than 5 seconds of computation time. Increasing excerpt length 134 increased computations time, but also increased sensitivity (more neurons detected). The natural 135 ceiling for how many neurons can be detected is a function of magnification and culture density, 136 and we have found that a typical excerpt size of 100 frames (10 seconds at 10 Hz) is adequate. 137 138 Next, to detect individual calcium transients in recorded fluorescence data for each ROI, we 139 adapted a template matching algorithm ( Fig. 2A) 38 . Briefly, a set of templates is generated from 140 the recorded calcium imaging dataset. Then a sliding window is applied to each trace and 141 compared to this template set. When a correlation threshold is met, the transient found at the 142 current window position is assigned to this spike class. We found that for the signal noise typical 143 in our assay, template matching outperformed other spike sorting techniques such as manual 144 detection, or peak detection by threshold or prominence (Supp. Fig. 3) . 145
146
One advantage of continuous long-term observation such as we have implemented here is the 147 ability to observe onset and development-dependent changes in network activity. For example, 148 neurons activity is relatively rare until day 9-10 when there is a noticeable uptick in spike frequency 149 and, to a lesser degree, amplitudes ( Fig. 2B) . This is consistent with known expression dynamics 150 of ion channels in cultured neurons 27, 39, 40 and changes in excitation/inhibition balance 41, 42 . 151 Furthermore, synchronized burst become more prevalent after 12 days in cultures, presumably 152 because of continued formation of synaptic connections that can result highly connected networks 153 43, 44 . After more than 14 days in culture, spontaneous activity decreases rapidly, which is expected 154 due to accumulation of neurotoxic glutamate in the culture medium (which is not replenished). 155 156 Several reports indicated that expressing heterologous proteins, for example Channelrhodopsin 157 (ChR2) 12 , may change network homeostasis 45 . To test whether we can observe this in our 158 system, we compared development changes in neuronal activity in neurons expressing the 159 microbial opsin CatCh 46 to those that did not express any heterologous protein. We detected 160 several developmental differences, most notably spike amplitudes, frequency, width, and fall rates 161 ( Fig. 2C) . Spike utilization was also noticeably different, with large amplitude, slow-decaying 162 transient being significantly more often in neurons that express CatCh (unpaired Wilcoxon rank  163 sum test, p-value 2.1 x 10 -14 ) ( Fig. 2D) . We take these results as an example of retroactive effects 164 that have been described in the context of neuronal excitability; the mere expression of a 165 genetically encoded actuator can alter the baseline behavior of the whole system and must be 166 accounted for in the phenotypic screens 47, 48 . 167
168
In addition to following developmental changes, we wanted to use known modulators of ion 169 channels and measure their effect on network activity. We chose Bicuculline (inhibits GABAA 170 receptors), α-Dendrotoxin (αDTx) (inhibits certain voltage-dependent K + channels), and 171
Huwentoxin IV (HwTxIV) (inhibits certain voltage-dependent Na + channels) all of which are 172 available from commercial sources. Our system robustly detected drastically altered network 173 activity resulting from the addition any of these modulators to cultured neurons. Whereas neurons 174 to which only tyrode was added did not differ in spike class utilization before and after treatment, 175 bicuculline addition increased utilization of many classes consistent with the disinhibiting effect 176 that block of GABAA receptor is predicted to have ( Fig. 2E) . αDTx is predicted to have a similar 177 disinhibiting effect, due the block of Kv1 channels to counteract Na + channel-mediated 178 depolarization. Interestingly, different (compared to Bicuculline) spike classes become more 179 heavily utilized when αDTx was added. Lastly, addition of HwTxIV, which is expected to inhibit 180 activity by virtue of blocking Nav channel, decreases use of all spike classes. When neurons that 181 express CatCh are exposed to blue light -which opens the CatCh pore, allows cations to flow 182 across the cell membrane, and depolarizes the cell-utilization of large amplitude, slow-decaying 183 calcium transient was increased at the cost of all other classes that were used in CatCh-184 expressing neurons in the absence of illumination. Altogether, from changes to spike class 185 utilization alone, we can ascribe 'fingerprints' to each perturbation (GABAA block, Kv1 block, Nav 186 block, or exogenous cation ion channels opening). 187
188
To further test if we could measure modulator-specific effects on bulk firing properties, we further 189 parameterized each detected calcium transient (amplitude, fall & rise time, etc.) for each spike 190 ( Fig. 3A) . We also measured how correlated each neuron's activity was with the rest of the 191 network using the mutual information statistic 49 (Supp. Fig. 4 ) and cross correlation. All bulk firing 192 property data is time-averaged for each condition (control and treatment) associated with 193 identifiers for neurons, day in vitro, field of view, coordinates, biological replicate. In total, we 194 measured 10 properties that describe activity before and after perturbation (light stimulation or 195 peptide toxin addition). These properties are: amplitude, frequency, width at half height, rise rate, 196 fall rate, burst frequency, events per burst, Fourier power distribution, and network properties -197 mutual information, correlation. While we could discern gross trends from manual inspection of 198 this data -for example, HwTxIV addition decreased overall spontaneous firing and αDTx 199 drastically decreased firing frequency regularity-we suspected that much of the useful 200 information was spread across several measured variables. We therefore subjected this dataset 201 to principal component analysis to reduce dimensionality. Much of the variation (75%) on the 202 dataset is explained by just the first three principal components ( Fig. 3B) , allowing us to cluster 203 response to perturbation along two or three dimensions ( Fig. 3C) . Using PCA scores to select 204 neurons that score different than 95% of the control neurons, we could isolate from hundreds of 205 neurons those are the strongest responders to a perturbation ( Fig. 3D) . 206
207
Since the effect of a perturbation (light stimulation or peptide toxin) could be clustered into distinct 208 groups, we further probed whether we can train a classification model that would be useful in 209 predicting the type of toxin that is causing a specific change in firing properties. We chose decision 210 tree classification models, which are good at capturing non-linear interactions between descriptive 211 variables. Consistent with the first three principal components explaining most of the variance, 212 decision tree models predominantly used these components in classifying changes in neuron 213 firing properties based on how this neuron was perturbed (Supp. Fig. 5 ). Receiver operating 214 characteristics (ROC) and confusion matrix testing show that model performance is acceptable 215 (Multi-class area under the curve: 94.21%, Accuracy 94%). 216 217 Now that we could predict the type of perturbation that had caused a set of changes in bulk firing 218
properties of neuron, we tested whether this system would be useful for a phenotypic screen of 219 new kind of lumitoxins. To this end we synthesized lumitoxins that genetically encoded 84 different 220 peptide toxins spanning different sources (spiders, scorpions, etc.) and target different channel 221 families (K + , Ca 2+ , Na + , etc.). We also varied the linker through which a toxin is tethered to the 222 membrane-bound LOV2 domain. Total library complexity was 17 linkers x 84 toxins = 1428 223 variants. 224
225
Since peptide toxins contain several disulfide bridges, are often very short (<100 amino acids), 226 and rich in hydrophobic residues, it can be hard for them to achieve their native fold when 227 expressed heterologously, and may not traffic to the surface at all when part of a lumitoxin. We 228 therefore assessed which library members express to the cell surface. After transfection into 229 HEK293 cells, a FLAG tag inserted in between the toxin and the LOV2 allowed us to fluorescently 230 label cells that surface express a lumitoxin via anti-FLAG Alexa 568 antibodies. GFP, expressed 231 on the lumitoxin's C-terminus served as a transfection marker. By nature of transfection of culture 232 cells with cationic polymers, each cell likely is transfected with several library members (some of 233 whom might surface traffic, while others do not). We therefore employed a quantitative NGS 234 approach to connect genotype (linker and toxin) to phenotype (surface expression). We sorted 235 cells into Alexa658 high /GFP high and Alexa568 low /GFP high populations, from which we isolated 236 plasmid DNA for library preparation and Illumina MiSeq (Supp. Fig. 6 ). We analyzed reads from 237 both populations (normalized to a transfection control) to identify library members (linker and toxin 238 combinations) that are enriched in the Alexa568 high population and depleted in the Alexa568 low 239 population. The two top hits were α-Dendrotoxin (as expected from previous work 18 ) and HwTxIV 240 ( Fig. 4A) . These data suggested HwTxIV as a good candidate for implementing Nav-directed 241 lumitoxins. 242
243
In earlier work we had shown that linker optimization is a critical part of a lumitoxin design 18 . We 244 therefore asked whether our phenotypic screen would be useful for identifying HwTx-linker 245 combinations that are more effective than others. Furthermore, we wondered whether the same 246 screen could help us identify linker combinations that give lumitoxin a desired 'blocking with light' 247 phenotype. We transduced cultured hippocampal neurons with a library of HwTxIV lumitoxin that 248 included several linker types (Supp. Table 1 ). As we had done for free peptide toxins and CatCh, 249 we followed onset of spontaneous activity and characterized baseline development changes. We 250 found that typical developmental changes are delayed (by about 2 days) when HwTxIV-lumitoxins 251 are expressed, but nevertheless spike amplitude and frequency are comparable to controls after 252 10 days in culture ( Fig. 4B) . 253
254
We then measured the effect of blue light illumination (500µW/mm 2 for 10 seconds followed by 255 pulsed illumination at 0.05 Hz with a 2.5% duty cycle) on neuronal activity. It was clear that a 256 subset of neurons transduced with the lumitoxin library responded with changes in activity upon 257 illumination ( Fig. 4C) . We did not observe this in neurons that express a mock lumitoxin (only 258 LOV2-PDGFR lacking an encoded peptide toxin). We also observed similar changes in some, but 259 not all linkers we tried (e.g., compare linker 7 vs. linker 1 (Fig. 4C) . Using Dunnetts many-to-one 260 comparison of the top three principle components used in the classification tree (PC1, PC3, and 261 PC7) with mock lumitoxin as a control, light-induced changes were significant for neurons 262 expressing the complete HwTxIV library (p-value 4.3 x 10 -12 ), and those expressing HwTxIV-263 Linker7 (p-value 6.4 x 10 -6 ). Two conclusions can be drawn from this. First, HwTxIV appears to 264 be effective at modulating neuronal electrophysiology when expressed as part of a lumitoxins. 265
Second, these light dependent changes appeared to be linked to specific linker used in the 266 construction of lumitoxins, which implies that efficacy of the HwTxIV lumitoxin dependent on a 267 specific linker. 268
269
We next used the classification model trained on peptide toxin and applied it to lumitoxin data. 270
Interestingly, 8.2% of lumitoxin library neurons were predicted as HwTxIV-like (Supp . Table 3) . 271
Less than 1% were predicted as Bicuculline or Channelrhodopsin. As one would expect, the 272 percentage of HwTxIV-like neurons increased for linker in which observed light-dependent activity 273 changes (e.g., Linker 7: 11.2%) but not others (e.g., Linker 2: 1.2%). When we selected neurons 274 that have HwTxIV-like properties and compared compared bulk properties, we found that for 275
Linker 7 light-dependent changes, specifically firing frequency and mutual information, resemble 276 those observed for added free peptide toxin (changes similarly for both free and HwTxIV lumitoxin 277 (Supp. Fig. 7) . A manual inspection of trace data supported the idea that the classification model 278 could identify, based on bulk properties, neurons that express a specific lumitoxin which is 279 modulated with light ( Fig. 4D) . Similar to what is observed after the addition of free peptide toxin, 280 neurons expressing HwTxIV-lumitoxin showed markedly less firing after onset of illumination. 281 282 Discussion 283 284 Expression and activity levels of different ion channels and receptors differ among types of 285 neurons and define their function identity. In recent years a technology framework has emerged 286 that combines optical or pharmacological tools with cell-type specific gene expression. Opto-and 287 chemogenetic reagents enable the interrogation of circuits, and in principle allow us to determine 288 quantitative aspects of ion channels' contributions to circuit function that will improve mechanistic 289 models of neuronal tissue. Most of these reagents, however, act at the circuit level and there is a 290 particular paucity of tools that can modulate the activity of endogenous ion channels. We 291 previously had developed lumitoxins as a prototype technology to overcome this barrier. It 292 became clear, however, that a more generalizable protein engineering approach was required to 293 diversify this reagent to other ion channels and to improve its functional characteristic. In 294 particular, lumitoxin efficacy in cultured cells lines overexpressing a target ion channel differed 295 markedly from their efficacy in primary cultured neurons where ion channels are expressed at 296 physiological levels. We therefore set out to develop a high-content phenotypic assay, which more 297 closely resemble the physiology of the tissue that lumitoxin will be applied in. We hypothesized 298 that perturbation to any part of the constellation of ion channels expressed in a given neurons will 299 alter its functional output (i.e. spontaneous activity). Accordingly, we developed an all-optical 300 functional calcium imaging assay that allows us to observe neuronal activity and perturb individual 301 types of ion channels either through direct peptide toxin addition or light-switched lumitoxins. We 302 find that our assay scales to thousands of neurons and enables long-term observation (>7 days), 303 while keeping data storage requirements to a minimum. This is because of an efficient region-of-304 interest focused data acquisition algorithm that extracts and stores only pixel information 305 belonging to active neurons. Spike detection and sorting are often performed post-acquisition 306 because this allows for the greatest flexibility in terms of optimization of the underlying algorithms 307 to maximize sensitivity and precision. Real-time methods have become practical in recent years, 308 in particular when experimental conditions can be simplified (e.g. fixed position in vivo recording, 309 worm tracking, or as described here optogenetic stimulation and cell culture plate scanning). 310
311
We observed stereotypical developmental changes in neuronal activity, which were altered when 312 exogenous proteins are expressed. This opens up the possibility to use this kind of long-term all-313 optical observation as an assay that tests whether the expression of a heterologous protein alters 314 baseline cellular physiology and homeostasis. We could establish the same kind of fingerprints 315 for neuronal activity changes when we added free peptide toxin that block different types of ion 316 channels. When we then trained machine learning algorithms on the changes to bulk neuronal 317 activity properties, we could predict which toxin had caused what type of effect. Together this 318 suggests that with sufficient training data (changes in bulk neuron activity properties in response 319 to commonly used peptide toxins) a generalized model might be established that could be useful 320 for the discovery of novel peptide toxins and related agents. A similar decomposition of zebra fish 321 phenotypic activity data into fingerprints allowed the categorization of small molecules 322 psychoactive drugs based on what type of ion channel or receptor it modulated 50 . It also enabled 323 the discovery of new entities based on fingerprint similarity 51 . 324 325 We also showed that our approach is useful to diversify the class of lumitoxins to ion channels 326 other than voltage-dependent K + channels. An unbiased screen for folding and surface expression 327 among 84 candidates identified HwTxIV as a candidate. HwTxIV belongs to the inhibitor cystine 328 knot family, which has many biotechnology applications including treatment of neuropathic pain 329 52 , imaging and treatment of cancer 53,54 , and as growth factor mimetics 55,56 . Our data from linker 330 libraries of HwTxIV-Lumitoxin and individual linker variants show linker optimization is required 331 for maximum lumitoxin efficacy. Interestingly, we could identify at least one specific linker, a 332 polyproline motif, that gave the HwTxIV-lumitoxin a 'block-with-light' phenotype. That is, with 333 onset of illumination, neuronal activity decreased, just as was observed when free peptide toxin 334 was added. Based on a computational model that describes the light-induced unfolding of the 335 LOV2 Jα as an event that increase the volume a tether toxin can explore, it was suggested that 336 the first generation of lumitoxins acts by decreasing a toxin local concentration close the 337 membrane-embedded ion channel 18 . We speculate that the rigid secondary structure a 338 polyproline helix might mean that in the dark the toxin is captured in a conformation that is much 339 less competent to bind the ion channel, perhaps keeping the toxin pointed away from the cell 340 membrane. Upon illumination, the unfolding of the Jα helix significantly increases the degrees of 341 freedom the tethered toxin has, which now can bind and block its cognate receptor, voltage-342 dependent Na + channels. Of course, further biophysical and electrophysiological characterization 343 is required to fully understand the structural basis for this apparent sign switch in lumitoxin 344 Supp Fig. 8 ). An all-toxin/all-linker library (1,428 variants) for 607 surface expression testing was assembled by mixing all toxin and all linkers at equimolar ratio. A 608
HwTxIV-lumitoxin library (17 variants) was assembled by mixing the HwTxIV cassette with all 609 linkers at equimolar ration. Individual HwTxIV-linker variants were assembled from the HwTxIV 610 and a specific linker cassette at equimolar ratio. Individual linker constructs were sequence 611 verified; a random sample was drawn from libraries to verify sequence. Assembled libraries were 612 subcloned into a viral payload shuttle vector using BamHI and EcoRI sites. HEK293FT cells were maintained in DMEM, 10% fetal bovine serum, 1% penicillin/streptomycin 632 and 1% sodium pyruvate. The all-toxin/all-linker lumitoxin library (100ng) was transfected into 5.5 633
x 10 5 HEK FT 293 cells using TurboFect. After 48 hours, cells were detached using Accutase and 634 washed with FACS buffer (2% FBS, 0.1% NaN3, 1xPBS). Cells were then incubated for 1 hour 635 with mouse anti-FLAG antibody at 1:200 dilution in FACs buffer rocking at 4degC. Cells were 636 washed twice with FACS buffer and then incubated with goat anti-mouse Alexa568 antibody at 637 1:400 dilution for 30 mins rocking at 4degC and protected from light. Cells were again washed 638 twice with FACS buffer and filtered using a cell strainer. Cells were sorted into GFP high / 639
Alexa568 low (transfected cells without lumitoxin surface expression) and GFP high /Alexa568 high 640 (cells with lumitoxin surface expression) on a BD Bioscience FACSAria II flow cytometer (Supp. 641 Fig. 6 ). GFP fluorescence was excited using a 488 nm laser, recorded with a 525±50 nm 642 bandpass filter and a 505 nm long pass filter. Alexa fluorophore 568 fluorescence was excited 643 using a 561 nm laser and recorded with a 610±20 nm bandpass filter. Cells were gated on Side 644
Scattering and Forward Scattering to separate out whole HEK293FT cells, gated on forward 645 scattering area and width to separate single cells, then gated on coexpressed GFP to gate out 646 cells that received a plasmid, then gated on cells that were labeled using the anti-flag antibody 647 for surface expressed channels. Gates were determined using single wildtype, GFP only and 648 unstained library samples. GFP high / Label low and GFP high / Label high cells were collected into catch 649 buffer (20% of FBS, 0.1% NaN3, 1xPBS). Between 9,000 and 60,000 cells were collected for 650 each condition, which represents 7-50 depth of coverage. DNA was recovered from each sample 651 using Quick-DNA microprep kit. Chromosomal DNA was removed by digestion with Plasmid-Safe 652 ATP-dependent DNAse and plasmid DNA was further concentrated using DNA purification kits. 653
Lumitoxin amplicons were prepared using 20 cycles of PCR with Primestar GXL and gel purified. Lumencor SPECTRA X light engine, and an Okolab Boldline stage mounted incubator. The 668 system is house in a custom-built light-blocking enclosure and vibration-isolated. All data 669 acquisition hard is integration through the micro-manager API and controlled by custom code 670 implemented in Matlab. 671 672
Function Calcium Imaging and Data Acquisition 673
We have developed custom software for both acquisition and analysis of calcium fluorescence 674 675
imaging implemented in MATLAB. The software is available on GitHub (will be available at the point of publication). Our workflow begins by loading the micro-manager core java API and a 676 configuration file with user specific hardware. The software then requires user input for acquisition 677 parameters: blue light pulse interval and duty cycle, camera settings (exposure, binning), loop 678 count and duration, cell detection threshold, and number of field of views (FOV). Pulse information 679 is required for blue light stimulation during the repeat acquisition. Camera settings are optimized 680 for calcium/voltage sensor and interval time defines the "real-time" resolution that is repeated for 681 the number of loops. The user-set threshold used for removing false positives is set in the user 682 interface. FOV positions are either automatically selected based on a spiral scan or manually 683 selected with a user interface. Upon acquisition initiation, the software starts a video acquisition 684 in a parallel thread and batches buffered video frames every 10 seconds (interval-time 685 parameter). After the video batch is delivered to the main thread, video is filtered for noise using 686 a 3x3 two-dimensional convolution pixel block averaging for each frame. At this point, a temporary 687 background trace is determined by averaging all pixels excluding previously identified neurons to 688 detect and remove bleed through from the blue light stimulation (see light stimulation). To identify 689 neurons, we detected regions of interest (ROI) based on a dynamic threshold of neuron activity. 690 Bicucculine). For peptide toxin characterization, media was adjusted to 1 mL before adding toxin 709 to account for loss of volume during incubation. Neurons traces were then acquired using the 710 previously described methods. Following a five-minute acquisition, the peptide toxin was added 711 in a sterile hood. Upon returning the plate to the stage, FOV alignment was manually performed 712 by neuron image overlay and optimized with image registration using mutual information and 713 gradient decent. Finally, neurons were recorded for a second five-minute acquisition. 714
The channelrhodopsin CatCh 46 , was expressed from a human synapsin promotor. Acquisition of 715 CatCh followed the same protocol as the Lumitoxin acquisition. 716 717
Functional Calcium Imaging Analysis 718
For calcium trace analysis we used High Performance Computing infrastructure available at the 719 Minnesota Supercomputing Institute (typically 8 nodes built on Intel Haswell E5-2680v3 720 processors). Raw data files from the acquisition were imported, grouped by name, and 721 concatenated. During this import, background calcium trace was subtracted from individual 722 neuron traces to account for FOV fluctuations in fluorescence. Calcium transients were detected 723 by template correlation, which was adapted from Patel et al. 38 . Templates were taken from 724
FluoroSNNAP GitHub and hand-picked from recorded calcium traces from a variety of neuron 725 states. The correlation was calculated between each template for each time point in the trace plus 726 the length of the template ( Fig. 2A) Select properties are shown as boxplots for controls neurons, neuron exposed to 20nM HwTx-IV peptide, neurons infected with the complete HwTx-lumitoxin library (includes all linker), or neurons infected with a lumitoxin comprised of HwTx-IV and the indicated linker. Box range represents interquartile range, median is indicated by a thick horizontal line, data range is indicated by a thin vertical line. Significance of the difference compared to control for a given class is indicated at the top of each panel (Dunnett's many-to-one comparison with one control, **** p-value < 0.0001, *** p-value < 0.001, ** p-value < 0.01, *, p-value < 0.05, n.s. not significant). Supplementary Tables 1 & 2 . These fragments were sub-cloned into a shuttle vector (pUC19) with a unique BsaI restriction sites for toxins and a unique BsaI site for linkers. All fragments were assembled in a single reaction using Golden gate Assembly and recovered with over 30-fold coverage. The final library complexity was 1,428 members. Supplementary Table 3 : Phenotype prediction of neurons for the indicated tested condition.
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